MIC  FILE  COPY  AD  A 1 0  3 1  9  7 


EVALUATION  OF  NITINOL  FOR  USE  AS  A  MATERIAL  IN  THE 
CONSTRUCTION  OF  ORTHOPAEDIC  IMPLANTS 


1 


DISCLAIMER  NOTICE 


THIS  DOCUMENT  IS  BEST  QUALITY 
PRACTICABLE.  THE  COPY  FURNISHED 
TO  DTIC  CONTAINED  A  SIGNIFICANT 
NUMBER  OF  PAGES  WHICH  DO  NOT 
REPRODUCE  LEGIBLY. 


'  F/r  f  A sAt,  ~ 


""]  ^VALUATION  OF^JJITINOL  FORJJSE  AS  AJJATERIAL  IN  ! 
!  THE  CONSTRUCTION  OF  ORTHOPAEDIC  IMPLANTS  *  t 


Final  Scientific  Report  Covering  the  Period  from 
December  1,  1973  to  December  31,  1976. 


Cy  . ,y^ 

Completed  •  £  December*  1(976/  (  ^ 


Author:  t James  L. /Hughes/  M.D. 


S3 


Supported  by  the  U.S.  Army  Medical  Research  and  Development 

Command 
Fort  Detrick, 

Frederick,  Maryland  21701 


Contract  No.  \  n\Ml^7-74-C-4041 


Performing  Organization:  Johns  Hopkins  University 

School  of  Medicine 
CMSC  9 

600  N.  Wolfe  Street 

J ,,  r  i///s  j  .  I  Baltimore,  Maryland  21205 


v  ‘  t~ 


{'/<  ;  ‘/'/S.A  -  Z'7 


Approved  for  Public  Release:  Distribution  Unlimited 


The  findings  in  this  report  are  not  to  be  construed  as  an 
official  Department  of  the  Army  position  unless  designated 
by  other  authorized  documents. 


Acceru'.icn  Tor 

IV!  I C  T  A 

.7 . : ;  t  i  •'  i  v.‘.  jm 


.*  '  -M  / 


Avail’ 


''f* 


<■  ,  i.al 

D  i 

\  *  .j 

'FL 


if^ssrarsfsissifc: 


.  «*  r 


SECURITY  CLASSIFICATION  OP  THIS  PAOt  (Whan  Dora  Bntaoap 


REPORT  DOCUMENTATION  PAGE 

MAD  INSTRUCTION! 

■STORE  COMPLETING  FORM 

)•  «*0»  r  NUMBER  1.  00V7  ACCESSION  NO. 

AVf \dOS 

4.  RECIPIENT*  CATALOG  NUMBER 

197 

4.  TITLE  (mi  HubHUa) 

EVALUATION  OP  NITINOL  FOR  USE  AS  A 
MATERIAL  IN  THE  CONSTRUCTION  OF  ORTHO¬ 
PAEDIC  IMPLANTS 

Final  Scientific  Report 
12-1-1973  to  12-31-1.976 

T.  AUTHOR**) 

James  L.  Hughes,  M.D. 

B.  contract  OR  ORANT  NUMBER**) 

DAMD  17-74-C-4041 

B.  PERFORMING  organization  name  and  address 

Johns  Hopkins  University,  School  of 
Medicine;  CMSC  9,  600  N.  Wolfe  Street 
Baltimore,  Maryland  21205 

10.  PROGRAM  ELEMENT.  PROJECT,  TASK 
AREA  4  WORK  UNIT  NUMBER! 

*  >  v  v ;  /i 

jr'.y  ■ '  ■■■■'! 

n.  controlling  orncB  name  and  address 

U.S.  Army  Medical  Research  &  Development 
Command;  Fort  Detrick, 

Frederick,  Maryland  21701 

it.  REFOUT  DATS 

»  *  *'&<  >  .  *i  V' 

I!.  NUMBER  OF  PAGES 

S3 

U.  MONITORINO  AOEnCY  name  4  ADDRESS*//  illlotml  from  Controlling  Ollteo) 

IS.  SECURITY  CLASS,  (ol  Mo  rap art) 

Unclassified 

Ts«.  "declassification/ downgrading 
SCHEDULE 

14.  DISTRIBUTION  STATEMENT  (ol  Utlo  Keport) 

Approved  for  public  release*  distribution  unlimited. 

IT.  DISTRIBUTION  statement  (ol  UlO  abound  anloroi  In  Blaak  30,  II  illlotml  hoot  Hop  on) 

IS.  supplementary  notes 

IS.  KEY  WORDS  (Contlnuo  on  rororoo  olio  II  no cootory  and  Homily  by  block  number) 

Nitinol;  Nickel-Titanium  Alloy;  Orthopaedic  Tmplants; 
Bio-compatibility. 

24.  ABSTRACT  (CmKkmro  om  rororoo  ohto  U  nooooooty  mi  Homily  by  Slack  number) 

^Certain  characteristics  of  alloys  of  titanium  and  mixed  (Nitinol) 
suggest  that  they  may  be  superior  materials  from  which  to  fashion 
Orthopaedic  implants.  Previous  studies  revealed  that  these 
alloys  possess  a  critical  transition  temperature  (TTR)  over  which 
the  alloys  undergo  a  hiqhly  unique  electronic  '■chanqe  and  atomic 
repositioning  associated  with  drastically  altered  mechanical  pro- 
nerties  such  as  elastic  modulus  and  yield  strength.  Furthermore, 

00  i  iAiTn  ^73  tnmow  or  i  mov  ss  is  obsolete 


security  classification  or  this  rut  (ww  dm  a moron 

/  /  ■ 


Continuation  of  block  20.  (Abstract)  , 

whan  nitinol  alloys  are  plastically  deformed  below  the  TTR,  they 
are  capable  of  reversable  and  forceful  total  recovery  of  shape 
when  heated  to  temperatures  exceeding  the  TTR.  This  study  inves¬ 
tigated.  the  bio-compatibility  of  nitinol  alloys  and  the  ability 
of  these  alloys  to  display  their  "shape  memory"  properties  in  vivo 

All  tests  concerned  <rith  the  biologic  acceotability  of  the 
nitinol  alloys  showed  no  adverse  tissue  reaction  to  the  nitinol 
alloy  when  compared  to  titanium  and  316-L  stainless  steel. \  These 
studies  included  the  effect  of  nitinol  alloy  powder  on  hum^n  fiber 
glass  cultured  in  Leighton  tubes,  the  effect  of  nitinol  alloy 
filings  on  collagen  synthesis  in  fetal  rat  calvaria  tissue,  and 
the  tissue  response  to  nitinol  implants  placed  in  the  subcutaneous 
tissue  of  standard  laboratory  mice. 

'  Nitinol  bone  plates  containing  a  strain  guage  were  manufac¬ 
tured.  These  plates  were  pre-stressed  below  the  TTR  and  held  in 
a  ore-stressed  manner  until  applied  to  the  femora  of  sheep,  after 
which  the  restraining  device  was  remove^  allowing  the  alloy  to 
return  to  its  original  shape.  k/The  force  transmitted  through  the 
plate  to  the  bone  was  documented  by  monitoring  the  strain  guages 
at  periodic  intervals.  Data  obtained  in  this  fashion  revealed 
that  the  nitinol  alloy  retained  the  "mechanical  memory"  in  vivo. 

A  hip  prosthesis  and  intermedullary  rod  were  constructed  using 
internal  fixation  components  oroduced  of  nitinol.  These  were 
placed  into  a  human  femur  with  the  temperature  of  the  units  below 
the  TTR.  Firm  fixation  of  the  metalic  components  within  the  bone 
by  changes  in  shape  of  the  nitinol  components  as  the  temoerature 
exceeded  the  TTR  demonstrated  the  feasibility  of  utilizing  nitinol 
alloy  in  the  production  of  certain  Orthopaedic  implants. 
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EVALUATION  OF  NITINOL  FOR  USE  AS  A  MATERIAL  IN  THE 
CONSTRUCTION  OF  ORTHOPAEDIC  IMPLANTS 
Army  Contract,  DAMD  contract  )7-7k~C-kOk] 

PHASE  I,  1  December  1973-20  February  1975 
BACKGROUND  AND  DISCUSSION 

The  near  equlatomic  alloys  of  titanium  and  nickel  with  their  unique 
"shape  memory"  displayed  future  potential  as  superior  materials  for  ortho-* 
paedlc  implants.  It  was  the  purpose  of  phase  I  of  this  project  to  investi¬ 
gate  and  evaluate  the  in  vivo  biologic  acceptance  of  such  materials,  given 
the  generic  name  NITINOL  (Nl-Ti-Naval  Ordnance  Laboratory).  Previous  studies 
by  Buehler'  have  shown  that  each  of  these  alloys  possesses  a  critical 
transition  temperature  range  (TTR)  over  which  the  alloys  undergoes  a  highly 
unique  electronic  change  and  atomic  repositioning.  This  TTR  can  be  varied 
through  alloy  composition  changes  In  excess  of  lOO^C  down  through  the  liquid 
nitrogen  temperature  (-196°C).  Certain  mechanical  properties  such  as 
elastic  modulus  and  yield  strength,  also  vary  drastically  as  the  alloys  are 
moved  through  the  TTR.  Furthermore,  when  NITINOL  alloys  are  plastically 
deformed  below  the  TTR  (up  to  8'<;) ,  they  are  capable  of  reversible  and 
forceful  total  recovery  when  heated  to  temperatures  exceeding  the  TTR. 

The  greater  the  amount  of  strain,  up  to  C<;,  the  larger  is  the  recovery 
stress  on  force  produced. 

OBJECTIVES 

1.  Investigate  the  corrosion  resistance  of  NITINOL  alloys  of  varying 
composition  when  exposed  to  biologic  fluids  for  different  time 
periods  based  on  earlier  work  by  Castleman,  et  al .  (personal 

a 

communication)  that  revealed  that  NITINOL  was,  in  fact,  bio¬ 
logically  acceptable. 

^Results  of  this  work  may  be  found  in  Appendix  A. 


2.  Demonstrate  that  these  alloys  continued  to  display  their  "shape 
memory"  properties  In  vivo. 


MATERIALS 

To  study  the  biocompatlb! 1 Ity  of  NITINOL,  It  was  necessary  to  look  at 
several  alloy  compositions.  Because  various  potential  medical  devices 
require  certain  design  characteristics,  representative  alloys  spanning  the 
temperatures  and  recovery  stresses  were  investigated  In  order  to  provide 
for  a  broad  spectrum  of  future  applications  (see  Table  I).  The  primary 
difference  between  each  alloy  was  iri  the  nickel-cobalt  relationship.  Such 
changes  altered  the  heat  recovery  range.  The  Immediate  wrought  configur¬ 
ation  and  ultimate  use  of  each  alloy  may  be  found  In  Table  II.  The  fol¬ 
lowing  four  NITINOL  materials  were  prepared  for  this  Investigation: 

1.  F1 1 ings  and  powder.  Fine  filinys  and  powder  required  for  fibro¬ 

blast  tissue  studies  were  produced  by  filing  a  i».5mm  diameter 
alloy  rod  with  a  tungsten  carbide  file. 

2.  Inplant  specimens  (see  fig.  t).  NITINOL  alloys  were  machined  Into 

implant  specimens  whose  axis  was  the  same  as  the  principal 
ay  is  of  the  original  hot  swaged  rod.  The  dumbbell  conf'yur- 
at'on  allowed  for  Ingrowth  of  tissue  which  could  then  effec¬ 
tively  resist  wandering  of  the  Implant  in  the  tissue. 

3.  Washers ■  Washers  were  prepared,  but  were  not  used  until  phase  II 

of  this  project  and  will  be  described  further  at  that  polnc. 

k.  Bone  plates.  Contracting  bone  plates  were  designed  and  machined 

as  outlined  In  Appendix  A  to  determine  whether  or  not  NITINOL 
alloys  would  continue  to  exhibit  memory  recovery  when  heated 
through  the  recovery  range  in  vivo. 


■— TT  T*  7'7f »;  • 


METHOD  AND  RESULTS 


The  following  studies  were  performed  In  order  to  determine  tissue  re¬ 
sponse  to  various  KiTINOL  alloys. 

1.  The  first  study  utilized  NITINOL  powder  alloys  I,  IV,  and  V  in  human 
fibroblasts  cultured  in  Leighton  tubes  with  McCoy's  culture  medium  plus 
calf  serum.  Titanium  and  316- 1  stainless  steel  were  used  as  controls.  In 
this  short-term  experiment,  morphology  and  cell  counts  were  checked  as 
gross  barometers  of  tissue  toxicity.  At  20  and  26  days,  no  significant 
differences  in  morphology  or  cell  counts  among  the  three  metals  were 
revealed  (see  fig. 2) 

2.  The  second  study  was  carried  out  by  Dr.  Gerald  Finerman  and  his  staff 
at  UCLA.  Filings  from  each  of  the  5  alloys  as  well  as  from  titanium  and 
stainless  steel  were  placed  in  buffered  fetal  rat  calvaria  tissue  in  order 
to  determine  their  effects  both  on  general  protein  and  on  collagen  synthesis 
(see  fig. 3).  With  over  a  hundredfold  concentration  range  for  each  of  the 
substances,  no  statistically  significant  differences  from  the  controls  were 
found.  Shaded  areas  on  the  graph  in  fig. 3  indicate  the  range  for  control 
values,  and  in  all  cases,  experimental  values  fell  within  these  ranges. 

3.  The  third  portion  of  phase  I  utilized  the  small  dumbbell-shaped  im¬ 
plants  beneath  the  skin  of  standard  laboratory  mice  (fig. 4).  Each  of  the 
five  alloys  was  tested  on  27  mice,  nine  Implants  left  for  one  week,  nine 

*  for  three  weeks,  and  nine  for  nine  weeks.  The  animals  were  fed  a  standard 
diet  and  watered  ad  libitum.  Activity  was  not  restricted.  For  surgery, 
the  mice  were  anesthetized  with  ether.  A  small  incision  over  the  sacral 
area  waT  made  with  a  hemostat  subcutaneously  approaching  the  scapular  area 


i  * 


posteriorly.  The  chromic  suture  materiel  was  passed  from  the  sacrum 
cepr.alad  and  emerged  with  the  needle  superior  to  the  scapula.  The  implant 
was  then  pulied  from  the  sacrum  into  the  scapular  area  and  locked  with  a 
chromic  suture.  Implants  were  not  left  over  the  sacrum  as  orininalty 
planned  because  of  the  animals'  ability  to  get  to  this  area  and  disturb  the 
implants.  At  one.  three,  and  nine  weeks,  the  mice  were  sacrificed  and 
the  Implant  was  removed  in  toto.  Specimens  were  observed  for  gross  irri¬ 
tation  and  discoloration.  The  metal  was  not  explanted  from  the  surrounding 
tissue  in  order  to  preserve  the  interface. 

The  metal,  together  with  the  surrounding  tissue,  was  then  embedded  in 
methylmethacrylate.  The  extreme  hardness  of  the  metal,  however,  pre¬ 
vented  the  microtome  from  cutting  sections.  It  was  therefore  necessary  to 
place  the  entire  block  in  an  acid  solution  and  to  pass  a  current 
through  the  metal.  The  NITINOL  Implant  then  popped  out,  allowing  sections 
to  be  cut  with  the  microtome.  Although  small  bits  of  the  fibrous  layer  in 
contact  with  the  metal  were  lost,  representlve  sections  in  most  of  the  prep¬ 
arations  were  obtained  (fig.  Z) 

No  gross  necrosis  and/or  color  changes  were  observed  by  macroscopic 
examination  of  the  tissue  samples  in  the  NITiNOL,  stainless  steel,  or  ti¬ 
tanium  tests.  Microscopic  tissue  response  was  evaluated  by  studying  the 
fibrous  membrane  immediately  adjacent  to  stainless  steel,  titanium  or 
alloy  implants, by  iservlng  the  cellular  activity  of  the  connective  tis¬ 
sues  around  thw  membrane,  and  by  checking  the  muscle  around  the  implant  for 
signs  of  degeneration  and/or  abnormal  cellular  Infiltrates.  An  early  fi¬ 
broblastic  respot  :e  In  the  formation  of  a  membrane  around  the  implant  was 
revealed  in  all  cases.  At  nine  weeks,  vasculature  apd  blood  vessels  sur¬ 
rounding  the  area  appeared  normal.  There  were  no  giant  cells  present  or 


degeneration  of  the  muscle  layers  or  loose  connective  tissue.  No  signi¬ 
ficant  differences  oetween  the  control  end  the  NITINOL  implant  tissue  sec¬ 
tions  were  noted. 

4.  The  final  step  in  phase  I  was  to  study  N'TINOL  plates  as  designed 
and  machined  in  App.  A.  The  plates  were  Instrumented  using  strain  gauge 
cells  glued  into  the  plate  (fig.  6)  Two  small  wedges  were  drawn  into  the 
spraining  cavity  during  cooling  of  the  plate.  Because  the  outside  diameter 
of  the  wedges  was  larger  than  the  entrance  diameter,  the  straining  cavity 
was  effectively  elongated.  With  the  straining  device  in  place,  the  plate 
was  then  dipped  into  903  alcohol  at  -150®C.  This  temperature  was  moni¬ 
tored  by  probe  thermometer  during  plate  cooling.  As  the  plate  and  the 
straining  device  were  cooled,  a  wrench  was  used  to  apply  active  forces 
to  the  straining  device.  Once. this  device  was  sufficiently  elongated, 
and  the  wedges  were  in  place,  the  plates  were  allowed  to  warm  to  room  temp¬ 
erature  and  were  standardized  with  a  hep  strain  gauge  cell. 

Following  standardization,  the  plates  were  gas  sterilized  for  implan¬ 
tation  in  sheep  femora.  The  hind  legs  of  the  sheep  were  prepped  and  draped 
for  *  lateral  incision.  Either  the  dorsal  or  lateral  aspect  of  the  femur 
was  elected,  dependent  upon  how  well  the  plate  mated  itself  to  the  bone. 
Standard  placement  of  the  screws  was  achieved  using  a  torque  of  40  kilo- 
ponds  of  force.  The  straining  device  was  then  removed,  and  the  pressure  was 
recorded  in  kilopounds  (fig.  7) 

Measurements  of  the  strain  gauge  cells  were  taken  at  weekly  intervals 
(fig.  8).  The  sheep  were  fed  standard  diets  with  water  ad  libitum.  No 
restrictions  were  placed  on  activity.  The  plates  wei*e  left  on  for  1-2  months. 
Radiographs  of  the  femora  were  taken  at  two-week  intervals  (fig.  9) • 


Eight  sheep  underwent  surgery.  A  total  of  eight  different  plates  were  ap¬ 
plied  at  this  time.  Control  plates  were  the  A-0  DCP  type  made  of  stainless 
steel.  Hicroradlographs  were  taken  and  normal  staining  of  bone  tissue  was 
carried  out  (fig.  10)  No  grossly  abnormal  proliferation  or  discoloration  of 
tissue  surrounding  the  plates  were  observed.  On  all  histological  specimens 
including  controls,  absorption  cavities  could  be  seen  beneath  the  plate  Indi¬ 
cative  of  stress  being  borne  by  the  plate  rather  than  by  the  bone.  The 
strength  of  the  forces  at  work  within  the  plates  was  evidenced  by  a  plate 
that  fractured  after  being  warmed  to  room  temperature  with  the  constraining 
device  In  place,  sending  portions  of  the  constraining  device  several  meters 
from  the  original  site  (fig.  11).  Two  other  plates  were  rendered  inaccurate 
when  the  strain  gauge  wires  were  broken  by  the  sheep.  Points  in  fig.  12 
represent  the  initial  measurement  of  force  taken  with  the  plate  in  place 
on  the  sheep  femora.  The  range  extended  from  8-108  klloponds.  Tests 
revealed  a  standard  bone  response  to  the  strees  applied,  whether  by 
NITINOL  or  by  stainless  steel. 


CONCLUSIONS 

1.  NITINOL  appears  to  be  as  biocompatible  as  presently  accepted  materials. 

2.  Unique  properties  of  NITINOL  are  not  altered  by  a  biologic  environ¬ 

ment. 

3.  NITINOL  continues  to  show  promise  in  several  specific  problem  areas 

of  orthopaedic  surgery,  as  further  supported  by  the  data  obtained 
In  phase  II  of  this  project. 
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PHASE  II,  Ending  January  31  *  1976 


Phase  I  revealed  that: 

1.  NITINOL  appeared  to  be  biologically  acceptable  In  vivo, 

2.  The  distinct  and  unusual  characteristics  of  NITINOL  would 

indeed  function  in  a  biological  environment. 

Based  upon  the  findings  in  phase  I,  phase  II  combined  the  efforts  of  the 
Johns  Hopkins  University  School  of  Medicine,  Division  of  Orthopaedic 
Surgery  and  the  Naval  Surface  Weapons  Center  in  White  Oak,  Md.  to  produce 
a  new  Implant  technology.  Under  primary  consideration  were  the  problems 
surrounding  fixation  of  prostheses  to  the  hip  and  the  possibilities  of 
using  a  NITINOL  Intramedullary  rod  (App.  B) . 

Mr.  Dave  Goldstein  and  Mr.  John  Tidings  of  the  Naval  Surface  Weapons 
Center  designed  and  manufactured  both  a  prototype  hip  prosthesis  and  an 
Intramedullary  rod  (fig.  13)  The  prototype  hip  prosthesl s  was  fabricated 
with  heat-activated  self-deploying  NITINOL  tabs  (fig.  iM  This  prosthesis 
was  inserted  in  a  cadaver  femur  at  a  temperature  of  0°F.  Upon  warming  to 
70°F,  the  tabs  deployed  and  formed  a  structurally  rigid  assembly  with  the 
femur  (fig.  15)  This  was  considered  to  be  a  strong  indicator  of  feasi¬ 
bility  of  a  self-deploying  NITINOL  prosthesis.  Removal  of  the  prosthesis 
was  achieved  after  recooling  the  femur  to  0°F  and  then  pulling  at  opposite 
ends  of  the  assembly.  The  insertion  and  removal  process  was  videotaped 
through  an  image  intensifier  at  the  University  of  Mississippi.  A  copy 
.  of  this  tape  is  available  through  Mr.  David  Goldstein  at  the  Naval  Surface 
Weapons  Laboratory. 

An  Intramedullary  rod  was  also  designed  using  a  bulbous  NITINOL  as¬ 
sembly  which  would  fix  internally  and  cause  increased  stability  (fig.  16) 


This  prototype  wes  also  tested  by  Inserting  it  in  a  reamed  hole  in  a  femur 
after  flattening  of  the  NITINOL  elements  at  0°C.  As  w,‘th  the  hip  pros¬ 
thesis,  withdrawal  was  possible  by  re-chilling  the  bone/rod  assembly. 

The  embedded  device  in  the  expanded  mode  was  impossible  to  withdraw, 
thus  indicating  that  exceptional  stability  was  achieved  In  the  femur. 
Radiography  illustrated  both  the  deployed  and  non-deptoyed  position  of 
the  NITINOL  elements  In  relationship  to  the  bone  (fig.  17). 

One  added  experiment  to  investigate  use  of  NITINOL  in  orthopaedic 
biomaterials  tested  NITINOL  washers  that  were  implanted  into  sheep  femora 
with  alternating  stainless  steel  and  titanium  screws.  These  were  implanted 
in  two  sheep  In  1975  ana  remain  In  place.  Stress  reactions  around  the 
screws  can  be  observed  In  fig.  1 8 ,  but  there  was  no  evidence  of  toxicity 
related  to  the  Interaction  of  the  different  metals.  On  physical  examination 
no  lymph  adenopathy  or  reaction  in  the  soft  tissue  surrounding  the  im¬ 
plant  were  present.  The  sheep  have  continued  to  graze  and  perform  the 
usual  duties  of  sheep  without  any  alteration  of  their  normal  lifestyle. 

The  sheep  will  be  sacrificed  at  a  later  time  and  studies  of  the  histol¬ 
ogical  compatibility  of  NITINOL,  stainless  steel,  and  titanium  will  be  under 
taken  at  that  time. 

Problems  encountered  with  the  above  project  were  primarily  centered 
around  the  difficulties  in:  1.)  standardization  of  the  titanium-nickel 
ratio  into  an  appropriate  temperature  mode  for  use  in  the  body,  and 
2.)  attempting  to  work  with  an  extremely  hard  material. 

Despite  these  technical  problems,  it  appears  that  NITINOL  can  be  suc¬ 
cessfully  utilized  in  the  manufacture  of  properly  designed  orthopaedic  Im¬ 
plants  and  will  deploy  in  the  body  as  expected.  The  positive  findings  in 
both  phases  of  this  project  merit  further  attention  in  the  future. 


Dr.  S.  M.  Perron 

Laboratorium  flir  Exper imontello  Chirurgie 
Schweizerischcs  Forschungainstitut 
CH-7270  DAVOS-PLATZ 
Switzerland 

Dear  Dr.  Perron: 

I  have  received  a  copy  of  your  letter  addressed  to  Dr. 
Lee  H.  Riley,  M.D.,  dated  10  November  1072.  I  have  made  a 
very  careful  study  of  the  letter's  contents  in  order  to 
respond  in  a  thorough  and  propor  manner. 

1  feel  the  first  response  correspondence  should  deal 
primarily  with  design  considerations.  Thi3  would  consider 
such  aspects  an  the  n trai n-hcat-r ocovory  of  the  Hitinol, 
contracting  force  and  the  effects  of  varied  strain  as  a 
function  of  temperature  and  time,  selection  of  an  optimum 
alloy  "transition  temperature  range"  ( TTR)  and  various  mined 
lancons  required  data  in  order  to  make  your  measurements 
meaningful . 

Also,  in  light  of  the  following  discussions,  we  should 
jointly  consider  whether  the  present  proposed  bone  plate 
design  is  optimum  for  experiments  with  tho  Hitinol.  alloys. 
While  these  thought  processes  may  appear  somevhat  time  con¬ 
suming,  1  foel  that  fewer  experiments  may  be  needed  to  con¬ 
clusively  test  the  value  of  a  contracting  Hitinol  hone  plate 
system. 

To  profaco  what  follows,  I  definitely  feel  a  contracting 
Nitinol  bone  plate  is  a  novel  approach  and  it  could  add  a 


new  dimension  to  healing  fractured  hones.  However,  my  initial 
concern  lies  in  the  area  of  the  contracting  force.  -With  the 
contracting  force  potential  of  the  Nitinol,  means  may  be  re¬ 
quired  to  lessen  or  moderate  this  force.  I  have  devoted  a  sec¬ 
tion  of  my  following  write-up  to  this  aspect. 

The  In  Vivo  Com na t i h i 1i by  o f  nitinol 

During  the  discussions  following  a  recent  talk  that  I  gave 
in  San  Francisco,  California,  U.S.A.,  a  Dr.  Alan  A.  Johnson, 
Ph.D.,  Department  Head,  Department  of  Materials  Science  and 
Engineering,  Washington  Dtatc  University,  reported  that  he  had 

i 

tested  binary  TiNi-baco  alloys  (Nitinolr;)  in  vivo  on  beagle 
dogs.  His  study  wan  only  to  determine  the  b iocompa t ih i 1 i ty . 

His  tests  centered  around  plates  that  wore  merely  fastened  to 
the  front  log  hones  of  the  hoaglo.  Some  plates  had  boon 
embedded  for  as  much  as  IS  months.  He  summarised  hi  i  results 
by  stating  that  there  had  boon  no  evidence  o*  irritation  01 
inflammation  in  the  pinto  area  rand  that  a  thin  fibrous  sheath 
had  formed  over  tho  plate. 

It  would  appear,  based  upon  these  data  and  our  own  success¬ 
ful  crevice  corrosion  rocults  on  cobalt-modified  Nitinol  in 
seawater,  that  this  aspect  will  prosont  no  problem  and  may  be 
set  aside  at  this  time. 

Important  Design  Considerations 

Tho  Nitinol  materials  undergo  what  is  commonly  termed  a 
"martensitic  transition"  (transformation).  Thio  transition  is 
in  part  described  in  the  literature;  see  references  A,  n,  C 

and  D,  enclosed.  The  term  "martensitic  transition"  is  used 

i) 


her*  only  to  denote  an  atom  "shear"  movement  associated  with 


the  application  of  a  "shear  force."  A  second  feature  of  the 
Nitinol  alloy  system  is  the  unique  electron  bonding  change  that  • 
occurs  as  a  function  of  heating  and  cooling  through  the  transi¬ 
tion  temperature  range  ( TTR) .  The  combination  of  atomic 
shearing  and  electron  bonding  change  provide  the  strain-heat- 
recovery  behavior  and  the  unusual  force  that  accompanies  this 
recovery. 

I  have  enclosed  reference  E  in  an  offort  to  have  the  basic 
design  principles  better  understood.  The  information  and  data 
in  reference  E  were  extracted  from  a  "Nitinol  Characterisation 
Study"  performed  at  Goodyear  Aerospace  Corporation  for  tho  NASA 
organization.  In  this  study  three  alloy  compositions  were  need, 
which  were  labelod  A,  0  and  C.  Information  on  the  three  alloys 
is  given  in  Table  IX  (Ref.  E) -  Figure  5  (Ref.  E)  graphically 
illustrates  (as  a  function  of  resistivity)  the  key  critical 
temperatures  as  they  relate  to  tho  martensitic  transition  in 
tho  Nitinol  materials.  Tho  symbol  definitions  arc  given  in  tho 
upper  right-hand  corner  of  Figuro  5  (Ref.  n)  . 

It  should  be  emphasized  that  hcnt-rocovornble  straining 
must  be  performed  bn  low  the  temperature.  Further,  the  A,, 
tomporature  must  bo  reached  (on  heating)  before  tho  onset  of 
dimensional  recovery  can  occur.  Also,  tho  preciso  tempera  turns 
of  A  and  M_  can  bo  variod  considerably  by  altering  the  alloy 
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composition.  This  lattor  point  in  described  in  soma  detail  on 


pages  111  and  112  (Ref.  A) .  In  a  practical  sense  recovery 

temperatures  (Ac)  may  be  established  by  alloying  as-  low  as 

liquid  N2  (-196°C)  or  at  various  levels  up  to  about  +100°C. 

This  A  temperature  flexibility  is  a  most  important  design 
§ 

consideration  and  will  bo  discussed  in  more  detail  below. 

Following  along  in  reference  E  it  can  be  seen  in  Figure  0 
that  there  is  a  definite  relation  between  strain-heat-recovory 
(bend  in  this  case)  and  the  electrical  resistance  (resistivity)- 
temperature  profile.  Tho  optimum  recovery  occurs  in  a  material 
with  proper  cold  working  (below  M  temperature)  coupled  with  a 
proper  final  anneal;  son  Figure  C  (l'.'  r.  Ii)  ,  upper  right  panel. 

Typical  engineering  stress-elongation  curves  (in  tension) 
are  presented  in  Figures  14  and  1!>  (Ref.  R)  .  Mote  the  change 
in  curve  shape  hot);  below  and  above  the  transition  temper  a  turn 
range  (TTR)  .  This  may  bo  noon  more  clearly  in  my  general  curves 
given  in  reference  F.  The  vast  d.i  f  f  eronenn  in  curve  nhaja 
are  directly  attributable  to  tho  electron  bonding  changes  that 
occur  between  the  A,,  temperature  on  heating  (Mg  on  cooling)  and 
tho  MD  temperature.  Those  bonding  changes  are  most  ov'dcj.t.  in 
the  elastic  modulus  (F)  and  Lhn  yield  strength  (Y.E.) ,  and  the 
change  is  summarised  graphically  in  Figure  10  (Ref.  F) .  Stated 
in  simple  terms  the  flltlnol  ma  tor  i  a1  r;  are  very  ductile  and 
flexible  (R  -  3.5  x  Id/'  prsi)  and  possess  low  strength  (  Y  .  S  .  :: 

10  x  10^  pni)  below  the  A_  (on  heating).  The  application  of 
heat  causes  a  change  to  predominantly  covalent  bonding  to  take 
place  above  tho  A_,  which  sharply  changes  the  E  to  about  1 2  :< 

U 

10^  psi  and  tho  Y.5.  to  about  00  x  10**  psi.  The  resultant;  alloy, 
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above  its  transition  temperature  range  (>>  Ag)  is  thus  quite 
strong  , and  rigid.  Certainly,  above  A„  it  represents  a'n  engin- 
eering  typo  material  that,  one  can  work  with  in  a  design  sense. 
Therefore,  in  designing  a  suitable  bone  plate  alloy  one  must  be 
certain  to  havo  body  temperature  definitely  abovo  the  AS“MD 
range  (Pig.  16,  Ref,  E)  of  the  alloy,  such  an  alloy  will  pro¬ 
vide,  at  body  temperature,  a  suitable  immobilizing  bone  plate 
structure  and  yet  will  receive  sufficient  heat  from  the  body 
to  contract  with  groat  force. 

To  be  an  effective  means  of  forcing  together  or  impacting 

the  fractured  bono  sections  the  "mechanical  memory"  must  be 

capable  of  exerting  an  adequate  force--ynt  not  too  large  a 

force.  Figure  2R  (Ref.  K)  shows  typical  tensile  recovery  stress 

versus  temperature  curves  at  various  prestrain  levels  (when 

straining  is  done  bolow  the  Mq-A,,  range)  .  One  can  immediately 
% 

note  certain  key  points i  for  example,  the  maximum  recovery 
stress  appears  to  bo  associated  with  a  tensile  strain  of  fi%. 
Also,  the  recovery  stress  increases  as  a  function  of  strain 
up  to  the  81i  strain  level.  Another  important  fact  in  the  tcra- 
poraturo  change  (At)  that  is  required  to  roach  the  maximum 
recovery  stress.  in  each  strain  level,  up  to  6%  the  At  from 
onset  of  thermal  recovery  to  the  "knee"  of  the  curve  is 
increasing  with  increasing  prestrain.  To  best  illustrate  these 
points  1  havo  extracted  the  curves  of  throe  prestrain  conditions 
(2,  d  and  8%)  and  those  are  shown  in  reference  0.  In  briof 
thoeo  curves  are  obtained, by  prostraining  a  Nitinol  wire  sample 
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a  givan  amount  (for  example,  2,  4,  8,  etc.)  ,  then  resistance 
heating  the  strained  wire  to  increasingly  higher  temperatures 
while  providing  the  necessary  force  (arrows,  Ref.  G)  to  main¬ 
tain  the  prestrained  length.  Knowing  the  sample  cross  section 
area,  curves  of  recovery  r.trer.c  versus  temperature  are  attained. 

It  has  been  previously  established  that  the  initiation  of 
recovery  (A,)  is  n  variable  of  i'he  alloy,  composition.  S  inco 

!j 

body  temperature  is  fairly  constant  (about  37°C) ,  some  inter¬ 
esting  design  possibilities  arise. 

Assume  the  above  2,  4  and  Qt  recovery  stress-temporaturo 
curves  and  further  assume  that  through alloying  these  curves 
can  be  moved  sidewise  in  position  with  respect  to  the  tempera¬ 
ture  axis.  With  these  assumptions  established  now  position 
body  temperature  Vertically  across  Mi>>  curves,  as  shown  in 
reference  II  by  the  dashed  linos.  Body  temperature  is  37  °C? 
however,  it.  is  shown  at  four  different  locations.  This  grnphica 
representation  is  runnier  than  moving  the  curves  n iduwiuo  and 
provides  an  equivalent  result. 

How  one  may  observe  the  following:  if  body  temperature 

is  at  position  A  the  41  strain  will  produce  the  greatest 
recovery  stress  followed  by  21  and  least  by  •'Vi .  In  position  B  . 
the  4%  strain  gives  greatest  recovery  stress  while  the  2%  and 
0%  are  equivalent.  In  position  C  the  and  8%  are  equivalent 
whilo  2\  lags  behind.  At  position  D  the  (3t  strain  ic  providing 
much  the  largest  recovery  stress  with  the  and  dropping 
down  in  order. 
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Prom  the  representation  given  in  reference  H  the  import¬ 
ance  of  alloy  design  (composition)  can  bo  seen.  Where  should 
the  t.  temperature  (onset  of  recovery)  be  with  respect  to  a 
fixed  body  temperature?  How  much  temperature  change  (At)  is 
required  to  provide  the  proper  bone  impacting  force?  Further, 
how  much  impacting  ntrc.s  is  desired  or  can  he  tolerated  by  the 
bones?  Or,  will  the  bone  screws  bo  stripped  from  the  bone 
threads  if  the  load  becomes  excessive?  A  still  further  con¬ 
sideration  is:  what  might  the  curve  of  impacting  force  as  a 
function  of  time  look  like--particularly  if  the  bone  mending 
is  accompanied  by  contraction  and  thus  strain  reduction?  I 
have  conjectured  graphically  in  reference  1  on  this  aspect. 

Mo  effort  has  been  made  to  put  those  curves  in  any  proportionate 
scale.  The  curves  are  merely  given  to  graphically  show  the 

relationship  of  Impactin'/  force,  th»*  A,  to  body  *  i  tv  a  r  •  • 

•  •  > 

change  and  the  possible  effects  of  reduced  strain  during  bone 

mending. 

In  summary,  it  would  appear  that  situation  D  (Ref.  M  and  I) 
is  least  complex.  Maximum  impacting  force  occurs  immediately 
on  heating  the  0%  prestrained  plate  to  body  temperature.  Then 
any  lowering  of  the  striin  will  be  accompanied  by  ir.n.b'Rt  lower¬ 
ing  of  the  impacting  fo’-oo.  The  other  representations  (body 
temperature  at  A,  C  in  Ref.  H  and  T)  merely  show  what  might 
occur  with  very  careful  A,,  to  body  temperature  control .  How- 

b 

ever,  these  latter  possibilities  would  probably  require  a  very 
careful  alloying  study  in  order  to  .he  able  to  place  body 
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temperature  in  either  position  A  or  C  (Refill), 

Now  let  ua  address  the  design  considerations  dealing  with 
the  contracting  force  (recovery  stror,:;)  associated  wfth  the 
Nitinol  material,  Figure  28  (Rof.  r.)  shows  the  magnitude  of 
the  "recovery  stress"  for  an  annealed  uniaxial-otralnou  0.1 
inch  diameter  wire  (rod) .  To  assure  continued  pressure  at  the 
fracture  interface  during  hoaling  onn  would  probably  tond  to  use 
a  strain  (stretch)  approaching  that  whiqh  will  provide  nonrlv 
complcto  hcat-induccd  recovery.  Further  study  of  Figures  20 
through  31  would  set  that  strain  (stretch)  level  somewhere  in 
the  64  to  0%  range.  A)  no  uni  ig  a  64  to  84  strain  will  provido 
a  significant  amount  of  plate  "stretch"  oven  in  rather  short 
bone  plates.  A  stretch  of  0.060  inch  to  0.000  inch  per  inch 
of  stretched  hone  plate  would  allow  adequate  tolerance  during 
initial  bone  mating,  healing  accommodation,  etc.  Further,  as 
was  indicated  earlier,  if  this  initial  aeeommodat  i.un  cause)!  a 
moderate  drop  in  strain  (stretch)  the  load  (force)  associated 
with  the  lower  strain  values  will  still  be  quite  high  (con 
Figures  29-31,  Ref.  B)  . 

Assuming  the  use  of  strain  levels  of  64  to  C4,  one  must  bn 
concerned  with  the  kind  of  recovery  stress  or  farm  this  will 
produce.  Using  Figure  10  (Kef.  B)  data  fo'-  a  0.1  Inch  diameter 
wire  (rod),  one  is  able  to  derive  the  data  given  it  Tab l?  T. 
Those  data  chow  the  relative  magnitude  of  recovery  n(r jim  one 
might  expect  from  a  12  mm  x  •1mm  tJitino],  hone  plate  cross  section 
when  strained  (stretched)  to  various  levels.  Ort  a  1.0  square 
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inch  of  bone  interface  the  impacting  stress  varies  from  1995 

psi  to  5920  psi.  While  a  2.0  square  inch  interface  varies  from 

998  psi  to  2960  psi.  Observing  the  generally  lower  recovery 

stress  trend  for  larger  diameter  wire  end  sheet  (Pigures  29-31, 

Ref.  E)  might  indicate  come  general  .lowering  in  a  wrought  bono 

plate  section.  How  nuch  lower  the  recovery  stress  values  (at 

various  strains)  might  hi  in  the  proponed  12  mm  x  4  mm  hone 
* 

plate  section  is  unknown.  Since  the  recovery  stress  (force)  is 
a  function  of  the  orientation  and  degree  of  microtwinning ,  one 
would  have  to  actually  determine  the  recovery  stress  at  various 
strains  in  the  12  mm  x  4  mm  bone  plate  experimental ly . 

Now. one  has  to  ask  the  question,  "What  level  of  impacting 
force  is  optimum  to  expedite  bone  mending?"  Is  that  impacting 
force  attained,  or  exceeded  in  the  proposed  bono  plates  and 
experiments? 

The  maximum  impacting  forces  (recovery  stresses)  shown  in 
Table  I  cannot  be  exceeded  in  the  12  mm  ^  4  mm  proposed  hone 
plate.  Higher  impacting  forces  could  only  result  from  larger 
bono  plate  section  sine.  Chancer,  are  very  good  that  the  values 
given  in  Table  I  are  higher  than  can  he  expected  in  the  more 
massive  wrought  bone  plate  section. 

How  chon  does  one  reduce  the  impacting  force  while  employ¬ 
ing  a  faxrly  large  strain  or  stretch  in  the  plate?  Do  low  are 
listed  some  nugger^ed  techniques: 

1.  Use  a  lov/or  prestrain  ( stretch)  u  but  somehow  extend 
the  length  of  the  strained  zone.  For  example,  0%  strain  over 
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2  inches  a  0.160  inch  of  stretch.  While  the  seme  0.160  inch 
stretch. is  possible  using  a  4%  strain  over  4  inches.  While  the 
stretch  is  similar  the  recovory  stress  for  4%  strain  is  consid¬ 
erably  lower  than  in  the  n%  situation. 

2.  Reduce  the  cross  sectional  area  of  the  portion  of  the 
bone  plate  that  i3  strained  (stretched) .  This  will  lessen  the 
recovery  stress  proportional  to  the  area  of  the  stretched  portion) 
however,  it  will  also  reduce  the  stiffness  of  the  bone  plate  in 
the  thinned  section.  The  latter  limitation  may  affect  the  ability 
of  tho  plate  to  immobilise  bendinq  or  lateral  movement  in  the 
fractured  area. 

3.  Establish  the  TTR,  through  alloying,  so  that  body 
temperature  (37o0)  falls  on  tho  sloping  portion  of  the  recovery 
stress- temperature  curve  (see  Piq.  2fl,  Pof.  E  and  P.ef.  H,  lines 
A,  n  and  c)  .  However,  observing  Pof.  ft,  lines  A  and  r.  and 
referring  to  my  prior  discussion--one  fan  see  potential  problems 
whe'n  tho  strain  level  lessens  (contraction)  the  impacting  stress 
can  actually  increase. 

4.  Use  overstraining  as  a  means  of  forcing  the  maximum 
recovery  stress  down  to  a  lower  level.  One  can  observe  tills 
trend  in  Figures  .id  (lot  curve),  2rj  through  31.  However,  to 
employ  this  scheme  one  would  have  to  Hnov  more  about  tho  recovery 
stress  vs  temperature  profile  for  overstraining  sections  like 
those  utilized  in  bone  plates. 

5.  Employ  a  two-pioce  bone  plate  tftat  in  designed  to 
telescope  or  slide  one  piece  within  another  but  yet  maintain 
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rigid  alignment  of  the  fractured  bone  sections.  This  scheme, 
if  at  all  suitable,  would  allow  initial  fastening  of  the  plate(s) 
to  the  fractured  bone  sections  followed  by  t.ho  attachment  of  a 
stretched  Nitinol  olcment(s).  In  this  case  the  contracting 
(impacting)  force  could  bo  accurately  controlled  based  on  the 
straining  and  cross-sectional  area  of  tho  contracting  Mitinol 
element  (s ) . 

6.  Another  possible  method  of.  reducing  the  contracting 
force  might  utilise  tho  bucking  action  of  a  spring  component 
built  into  tho  bone  plate  proper.  A  crude  attempt  at  a  design 
is  off e rod  in  reference  J.  Hero  one  could  uno  one  or  more 
otrotched  and  contracting  Mitinol  w ire  or  rod  elements  that 
would  produce  a  force  noderated  by  tho  compress ive  straining 
(bending)  of  a  designated  portion  of  the  plate.  Reference  .7 
nhown  a  typical  proposed  middle  section.  If  this  middle  section 
were  designed  properly  it  seems  that  elastic  bonding  could  be 
made  to  occur  .sidewise  an  illustrated  while  minimising  upward 
bending.  Perhaps  to  accomplish  thin  a  considerably  different 
Mitinol  element  mounting  cut-out  webbing  design  would  be  neces¬ 
sary.  Tho  illustrations  in  reference  *7  are  merely  employed  to 
suggest  the  use  of  the  bone  plate  itself  to  control  more  accu¬ 
rately  the  impacting  force.  Whether  or  not  a  multicomponent 
contracting  bone  plate  is  feasible  still  remains  a  nutation. 

In  summary,  six  "techniques"  have  boon  suggested  as  pnsn’b'e 
means  of  controlling  or  moderating.  the  impacting  force  produced 
by  tho  uniaxial  contracting  force. of  him  Mitinol.  This  is  no t 
to  Imply  that  tho  above  are  the  only  moans  of  controlling  tho 

impacting  forco.  Tho  major  intent  of  this  exercise  in  to  show 


that  some  means  are  available  by  which  tho  impacting  force  can  . 
be  adjusted.  Furthor  variations  arc  definitely  possible  and  it 
Is  hoped  the  above  will  encourage  original  thoughts  and  tech-*, 
niques  that  may  prove  moro  dosirablc. 

Potential  Biaxial  Gtrnin-Heat-P.ccovcry 

I  - 

•!  Vhe  Nitinol  material  always  exhibits  a  heat-recovery  which 

I 

•'  is  in  opposition  to  the  prostrain  direction.  This  suggests  the 

i 

i  possibility  for  multiaxial  straining  and  complex  bone  plate  per- 

* 

formance.  How  much  recoverable  straining  is  possible  in  two  or 
more  directions  simultaneously  is  unknown.  Perhaps  it  bears 

e 

♦ 

some  relation  to  the  0%  level  of  uniaxial  prestrain.  This  point 
is  made  merely  to  suggest  that  multiaxial  movement  is  probably 
.  Available  from  Nitinol.  If  this  could  add  a  highly  useful 

i  4 

j  aspect  to  bone  healing,  some  experimentation  should  bo  initiated 

i 

j  to  better  understand  the  complex  strain-hoat-rncovery  an  a  pro- 

| 

i "  ludo  to  bone  plate  design. 

nitinol  Hone  Plate  Mount  i_ng  Teehnigujj 
•  Assume  the  use  o  a  Nitinol  composition  that  has  a  TTP. 

significantly  below  body  temperature  (see  point  D,  Ref.  II). 

How,  then,  dons  one  mount  ouch  a  plate  without  triggering  con¬ 
traction  during  the  mounting  process? 

In  principle,  if  one  can  believe  fully  the  data  in  reference 
K ,  it  io  apparently  possible  to  .suppress  tho  heat-actuated 
rocovory.  In  reference  K  the  bent  Nitinol  wiro  was  allowed  to 
recover  elastically,  then  it  was  constrained  in  position  while 
it  was  heated  woll  above  its  normal  unstrained  TTR  (As  *  10 0 • F )  . 


At  about  280"F  tho  constrained  wire  was  reloased  and  allowed. to 
freely ' recover .  Tho  data  in  roferenco  K  indicate  about  96% 
recovery  ander  these  conditions.  From  these  data  one  might  assume 
a  similar  behavior  when  constrained  following  stretching  and 
heating  woll  above  the  T?R.  This  latter  point  should  be  checked 
experimentally  before  considering  it  Cor  bone  plate  use.  If  the 
constrained  recovery  is  permissible  then- the  following  bone  plate 
mounting  steps  are  suggested. 

1.  The  carefully  machined  plate  is  immersed  in  1  suitable 
sterile  refrigerated  bath  to  lower  its  temperature  well  below 
the  Mj)-As  range  for  the  alloy  used.  Partial  chilling  of  the 
strained  area  only  may  he  employed  if  there  are  attendant  advan¬ 
tages. 

2.  Strain  the  chilled  bone  plate  using  a  suitable  mechanical 
or  hydraulic  straining  device.  Some  predesigned  gripping  holer, 
lugs,  etc.,  will,  have  to  he  provided  hi  the  plate  to  annum  uni¬ 
form  straining. 

3.  Hoc  the  straining  device  or  other  device  placed  in 
tho  gripping  holes,  lugs,  etc.,  to  constrain  recovery  on  subse¬ 
quent  heating  above  the  A<-  temperature  range. 

4.  Conventionally  mount  the  hone  plate  using  tho  screwing 
action  to  provide  initial  impacting  load. 

5.  With  tho  plate  (n)  screw- fastened  in  position  ro-chill 
ths  stretched  (strained)  Nitinoi  plate  section  that  lias  been 
constrained  from  contracting  during  t.hc k  initial  warming  during 
screw  mounting.  When  the' plats  is  chilled  the  constraining 


device  is  removed. 


\ 


6.  The  Nitinol  plate  is  thon  warmed  causing  it  to 
contract  and  load  the  fracture  interface.  Tho  load-level 
profile  as  a  function  of  time  was  discussed  earlier. 

7.  Later  removal  of  the  plato  may  be  accomplished  by 
once  again  chilling  the  contracting  section  of  the  plate.  This 
should  relievo  tho  contracting  load  long  onough  to  allow  oasy 
load-free  removal  of  tho  n:rows. 

An  alternative  to  step  3  above  would  be  to  maintain  the 

temperature  of  the  stretched  portion  below  the  A  during  instal- 

s 

i* 

lation.  While  this ( possible  *  it  is  felt  the  method  described 
in  3  is  preferable. 

Steps  to  ho  Taken 

i  It  is  suggested  that  tho  addressee  and  others  receiving 

this  letter  review  it  and  submit  their  suggestions  directly  to 
mo.  I  will  combine  those  suggestions  int  o  a  second  open  1 1- 1. :• 
»n 3  in  the  samo  lotter  rosnond  to  tho  various  suggestions. 

The  most  pressing  design  questions  appear  to  be  in  the 
area  of  strain  (stretch)  and  the  associated  impacting  force. 

You  have  stated  a  level  of  load  for  impacting  sheep  tibia  of 
about  200  pounds.  My  immediate  question  contorn  on  whether  or 
not  this  forco  level  is  optimum  for  healing,  or  whether  it  is 
based  on  experience*  with  compression  produced  by  conical  screw 
holos , 

Prom  ay  prior  discus;-. ions  you  can  appreciate  tho  intricacies 

k 

of  the  strain-recovery  stress  of  tho  nitinol  materials  as  well 

* 

as  tho  relative  levels  of  inheront  .roeovory  strcca.  This  then 
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points  up  the  important  question  of  whether  tho  200  pounds  is 
an  optimum  value* or  would  significantly  higher  impacting 
forces  be  desired  if  they  can  roadily  be  attained?  An  answer 
to  this  question  probably  constitutes  a  primary  step  in  tho 
design  of  a  contracting  tiitinol  bone  plate. 

If  this  consideration  can  bu  adequately  addressed*  thon 

« 

other  steps  should  follow.  For  example*  a  suitable  alloy  with 

proper  TTR  should  bo  designed^  the  stress-strain  curve  (at  37#C 

and  above  the  TTR)  should  bo  determined  for  this  alloy  and  the 

« 

chill  *►  constrain  release  recovery  behavior  determined.  If 
these  results  prove  satisfactory*  then  actual  hone  plates*  with 
the  necessary  stretching  provision,  would  bo  produced  for  eval¬ 
uation. 


Sincerely  yours, 


/  •*  '  •  '  ■  i  /  1  . 

wi  1,1. t am  nnniir.RH 


Copy  to  s 

(1)  Major  navid  Eddy,  M.D. 

(2)  !)r.  TiOO  Riley,  M.D. 

(3)  Dr.  Toby  Mayes 


APPENDIX  A  (cont.) 


NAVAL.  ORDNANCE  LABORATORY 
WHITE  OAK 

SILViR  SPRING,  MARYLAND  20910  .  in  nenlv  ncrc 

211:WJBiej 


5  June  1974 


Dr.  James  L.  Hughes,  M.D. 

Assistant  Professor  of  Orthopedic  Surgery 
Department  of  Orthopaedic  Surgery 
The  Johns  Hopkins  Hospital 
Baltimore,  Maryland  21205 

Dear  Jims 

X  am  in  hopes  with  this  summary  letter  to  convey  many  of  the  details  per¬ 
taining  to  the  modified-Nitinol  alloy  bone  plates  for  use  under  Army 
Contract  DAMD-17-74-C-4041. 


METALLURGICAL  HISTORY 

Alloy  Composition.  The  bone  plates  were  made  from  an  alloy  with  the 
composition  Ti.  sNi .45C0.Q5  with  a  transition  temperature  range  (or 
recovery  temperature  range)  measured  to  be  about  -52*C  to  -1B*C  (see 
letter  of  4  Feb  1974  to  J.  L.  Hughes). 

Alloying  and  Casting.  Eighteen  150-gram  melts  were  weighed  with  tho 
wt  %  composition  as  follows:  Ti  ■  67.38  grams,  Ni  •  74.32  grams,  Co  ■ 

8.30  grams  (or  Ti.5Ni.45Co.05l .  Each  150-gram  charge  was  melted  multiple 
times  on  a  water-cooled  copper  hearth  using  a  nonconsumable  arc  technique.* 
All  melting  is  performed  in  a  partial  atmosphere  of  purified  argon  to  avoid 
alloy  contamination.  Repeated  alloy  melting  is  done  to  insure  composition 
homogeneity.  Tho  final  product  is  a  150-gram  "button"  about  2  inches  in 
diameter  by  3/8  inch  thick. 

Three  of  these  alloyed  "buttons”  are  then  romelted  together  to  form 
a  bar.  The  finished  450-gram  bar  measures  about  1  inch  thick  x  1-3/8 
inches  wide  x  4-1/4  inches  long.  Using  this  procedure  18  alloy  buttons 
were  made  and  these  w»  e  then  remelted  into  6  rectangular  bars. 

Metallurgical  Processing.  The  arc  cast  bars,  as  described  above, 
were  then  given  the  following  processing  operations. 


‘Considerable  delay  was  encountered  in  this  operation  due  to  atmospheric 
humidity  and  its  adsorption  on  the  internal  components  in  the  arc- 
malting  chamber. 
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1.  The  ara-caat  bare  were  hot  rolled  to  the  rough  thickness  of  3/8". 
Initial  .rolling  passes  were  performed  at  850*C  and  the  temperature  was 
lowered  gradually  to  a  final  rolling  temperature  of  600*  to  650*C.  The 
reason  for  the  lower  finishing  temperature  was  to  induce  a  finely  textured 
micro-twinning  in  the  bone  plate  stock  to  enhance  the  strain-heat-recovery 
behavior. 

2.  The  hot  rolled  plates  were  press-flattened  using  a  heating  tempera 
ture  in  the  600*  to  650*C  range. 

3.  On  cooling  to  room  temperature  the  hot  rolled  plates  were  cut 
longitudinally  using  an  abrasive  cut-off  wheel.  The  cut  plates  are  shown 
in  Fig.  1(A) ,  attached. 

4.  The  cut  plate  sections  from  3  above  are  then  surface  ground  to  a 

width  of  0.550  inch. 

5.  The  cut- and- ground  bars  from  4  above  are  heated  to  the  600*  to 
650*C  range  and  press  forged  to  form  the  strain  gage  cavity  section  off 
line  with  the  bar  ends. 

PLATE  MACHINING 

Machining.  The  following  machining  steps  were  taken  to  obtain  the 
finished  bone  plate. 

1.  The  upset  forged  bars  were  reground  on  their  side  surfaces  to  a 
width  of  about  0.5S0  inch. 

2.  The  bottom  surfaces  of  the  end  sections  were  surface  ground  in¬ 
line  and  flat. 

3.  The  rough  ends  were  abrasively  cut  to  length  and  mill  finished* 
to  insure  accuracy. 

4.  The  remaining  unmachlned  surfaces  were  sanded  or  ground  to  remove 
any  surface  oxide  left  from  the  "hot"  processing  operations.  Clean  oxidu- 
free  surfaces  were  necessary  for  trouble-free  EDM  (electrical  discharge 
machining)  of  the  holes,  cavities,  etc.t  The  bars  as  delivered  to  the 
Main  NOL  shop  for  EDM  are  shown  in  Fig.  1(b),  attached. 

5.  Upon  return  from  EDM  each  bar  was  hand  ground  on  a  specially 
contoured  Sic  grinding  wheel.  This  grinding  operation  provided  the 

•All  milling,  turning,  etc.,  required  use  of  tungsten  carbide  tooling. 

tEDM  was  difficult  until  the  surfece  oxide  was  removed  and  an  adequate 
electrical  ith  to  the  work  piece  was  obtained. 
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reduced  section#  on  either  side  of  the  strain  gage  cell  (see  Pig.  2, 
attached) . 

6.  The  next  operation  was  to  hand  grind  or  sand  the  appro*imately 
2- inch  radius  on  the  upper  portion  of  the  end  sections  of  the  bone  plate. 
Considerable  care  was  exercised  to  avoid  uneven  grinding  of  the  parallel 
side  sections  of  the  straining  cavity  (see  Pig.  2,  attached).  Uneven, 
cross-sectional  areas  in  these  straining  sections  could  lead  to  nonunifonn 
straining  and  highly  unpredictable  heat-recovery.  The  upper  and  lower 
views  of  a  plate,  at  this  stage,  are  shown  in  Pig.  1(c). 

7.  Tungsten  carbide  end  and  ball  mills  were  then  employed  to  finish 
machine  the  screw  holes,  screw  slots,  screw  countersinks,  inner  wall  of 
the  strain  cavity  and  the  strain  gage  cell. 

8.  As  of  this  writing  the  concave  undersurfaces  of  the  plate  ends 
have  not  been  finish  machined.  This  will  be  accomplished  by  either  ball 
milling  using  a  1-inch  radius  ball  mill  or  making  a  series  of  longitudinal 
passes  with  a  contoured  surface-grinding  wheel. 

e 

9.  Finally,  hand  grinding  and  sanding  using  various  abrasive  grits 
will  be  employed  to  remove  all  sharp  edges  and  roughness. 

Post-Machining  Treatment.  The  finish  machined  bars  will  be  washed 
carefully  in  trichlorethylene  to  thoroughly  degrease  them.  Then  they  will 
be  heated  for  several  minutes  in  boiling  water  to  remove  any  possible 
surface  contamination  due  to  absorption  of  hydrogen  into  the  metallic 
surface,  the  possible  hydrogen  contamination  coming  from  the  EDM  operation. 

ALLOY  CONTROLS 

Very  few  controls  or  checks  were  possible  during  the  plate  prepara¬ 
tion  to  assure  a  uniform  composition  from  plate  to  plate.  Most  of  the 
assurance  comes  from  the  following: 

1.  Careful  alloy  component  weighing  prior  to  melting. 

2.  Care  in. melting,  both  in  handling  the  weighed  charges  and  in 
preventing  gaseous  and  interstitial  contamination  (e.g.,  the  formation  of 
Ti4Ni20,  Ti4Ni2N,  TiC,  etc.). 

3.  Qualitative  damping  to  crudely  detormine  tho  approximate  transi¬ 
tion  temperature  range  and  be  certain  that  the  dry  ice  temperature  is 
below  this  critical  temperature. 

•0 

4.  A  thin  "tang"  was  abrasively  cut  from  the  edge  of  one  of  the  hot 
rolled  plates  (see  Pig.  1(A)).  This  tang  was  sanded  to  reduce  a  short 
section  to  *\*  0.057  inch  thick.  The  test  piece  was^cooled  in  dry  ice  until 
its  temperaturs  had  equilibrated  to  that  of  the  dry  ice.  It  was  then 
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quickly  bent  into  a  tight  U-bend  with  an  approximate  bend  radius  <?f  0.4 
inch.  The  bent  section  was  then  wanned  by  a  human  hand  to  cause  recovery. 

The  recovery  from  this  approximately  6.5%  outer  fiber  strain  was  rapid  and 
efficient.  The  ground  tang  virtually  recovered  its  original  shape.  This 
test  tang  has  been  included  along  with  this  letter  report  and  bone  plates. 

BONE  PLATE  VARIATIONS 

The  finished  bone  plates  as  received  by  Drs.  Riley,  Hughes  and  Perren 
will  be  totally  ready  for  deployment.  However,  there  may  be  a  desire  on 
the  part  of  the  above  doctors  to  slightly  modify  the  "as  received"  plate (s) . 
As  a  result,  the  following  suggestions  are  made:  . 

1.  A  reduction  in  the  cross  sections  of  the  contracting  walls  of 
the  straining  cavity.  This  may  be  accomplished  two  ways:  (a)  Surface 
grind  the  same  amount  from  the  total  length  of  the  plate  side  surfaces. 

This  way  both  the  straining  members  would  be  reduced  in  cross  section 
while  simultaneously  reducing  the  width  of  the  total  plate,  (b)  Locally 
surface  grind  the  same  amount  from  each  straining  wall  and  leave  the  bulk 
of  the  plate  the  original  width.  Surface  grinding,  as  described  above, 
should  be  done  with  a  proper  grinding  wheel  and  appropriate  coolant.  The 
latter  will  be  important  to  avoid  possible  "walking"  or  movement  of  the 
thinned-down  straining  walls.  If  this  should  happen,  a  nonuniform  strain¬ 
ing  wall  could  result.  Finally,  heating  in  boiling  water  may  be  a  desirable 
precautionary  step  to  eliminate  any  possible  contamination  from  the  grinding- 
coolant  combination. 

2.  A  further  reduction  in  the  thinned-down  sections  on  either  end  of 
the  strain  gage  cell  may  be  desired.  This  can  be  accomplished  by  either 
carefully  hand  grinding  these  zones  using  a  contoured  grinding  wheel,  or, 

**  alternatively,  it  can  be  done  by  milling  using  tungsten  carbide  mill  cutters. 

3.  Any  other  variations  may  logically  bo  accomplished  through  the 
careful  use  of  grinding,  sanding  or  cutting  using  appropriate  tungsten 

,*  carbide  tooling.  Coolants  used  during  grinding  and/or  sanding  appear 

helpful)  also,  cutting  lubricants  used  during  carbide  milling,  drilling, 
etc. ,  are  reconmended. 

BONE  PLATE  OPERATION 

The  current  contracting  bone  plates  are  designed  to  operate  by  the 
contraction  of  the  side  sections  of  the  straining  cavity.  The  principal 
mode  of  strain  is  parallel  to  length  of  the  plate.  Two  tools  are  pro¬ 
vided  to  render  the  plate  contracting.  One  is  a  modified  vice-grip  pliers 
and  the  other  is  a  tool  for  constraining  contraction  during  deployment  of 
the  plate.  In  addition  to  these  tools,  dry  ice  is  the  only  other  item 
required.  The  suggested  steps  for  plate  operation  are  as  follows: 
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1.  Chill  bone  plate,  straining  pliers  and  constraining  fixture  in 
crushed  dry  ice. 

2.  When  the  plate,  pliers  and  fixture  have  reached  the  dry  ice 
temperature,  insert  the  two  3/8"  diameter  stretching  lugs  on  the  pliers 
into  the  bone  plate. 

3.  Slowly  (possibly  by  steps)  elongate  the  straining  cavity.  Moni¬ 
tor  the  amount  of  strain  by  constantly  checking  the  length  of  the  plate. 

For  example,  the  straining  legs  on  the  straining  cavity  are  0.625  inch 
long.  Therefore,  a  4%  strain  would  be  .04  x  .625  ■  .025  inch.  Check  the 
unstrained  (initial)  length  of  the  plate  when  cooled  to  dry  ice  tempera¬ 
ture.  This  length  plus  the  0.025  inch  would  represent  the  length  of  a 

4%  strained  plate.  NOTE:  DO  NOT  ATTEMPT  TO  STRAIN  THE  PLATE  UNLfeSS  IT 
IS  AT  A  TEMPERATURE  NEAR  THE  DRY  ICE  TEMPERATURE.  The  latter  could  result 
in  permanent  deformation  and/or  fracture  of  the  wall  of  the  straining 
cavity. 

4.  Once  the  plate  is  strained  to  the  desired  level  the  chilled 
constraining  fixture  is  inserted  and  adjusted  so  that  its  lugs  will* pre¬ 
vent  any  contraction  during  the  installation  of  the  plate. 

5.  Following  installation  the  screw  in  the  constraining  fixture  is 
backed  off  allowing  the  plate  to  contract.  This  contraction  should  follow 
previous  measurements  as  shown  in  Fig.  3,  attached.  The  force  of  con¬ 
traction  against  the  screw  at  37*C  may  be  large  enough  that  pliers  or  a 
wrench  will  be  required  to  hold  the  side  of  the  constraining  fixture  while  the 
set  screw  is  backed  off  allowing  contraction  of  the  bone  plate. 

It  is  suggested  that  the  abovo  steps  be  practiced  on  simulated  bones,  . 
at  room  temperature,  in  order  to  master  the  manipulation  of  the  Nitinol 
bone  plate. 


PLATE  STRAINING  VARIATION 

In  accordance  with  an  indirect  communication  from  Dr.  S.  Perren  it 
was  suggested  that  the  straining  cavity  could  be  given  a  "bent"  or  "bowed 
out"  memory  configuration.  This  is  shown  in  Fig.  4(B).  Then  on  cooling  to 
dry  ice  temperature  the  side  walls  of  the  bowed  cavity  could  be  bent  back 
straight  (see  Fig.  4(C)).  Warming  to  body  temperature  would  cause  the 
straight  walls  (Fig.  4(C))  to  revert  back  to  the  bowed  configuration 
(Fig.  4(B)).  If  the  bone  screws  are  fastened  while  the  strain  walls  arc 
maintained  straight,  then  when  bowing  was  allowed  to  occur  the  fracture 
interface  would  be  loaded. 

While  this  scheme  appears  to  be  a  suitable  alternative  to  tensile 
straining  there  may  be  certain  drawbacks.  These  iret 
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1.  The  recovery  force,  from  a  bending  mode,  may  be  quite  low. 

2.  Considerable  bowing  is  required  to  derive  much  axial  contraction. 
Further,  this  bowing  is  somewhat  limited  by  the  maximum  outer  fiber  strain¬ 
ing  that  can  completely  recover. 

3.  Considerable  care  must  be  exercised  in  the  bowing  operation.  This 
probably  should  be  done  in  the  550*  to  650*C  range.  This  is  a  temperature 
range  of  larger  plasticity.  Some  early  experiments  to  deform  (bow)  a  hone 
plate  at  room  temperature,  when  the  TTR  was  -52*C  to  -18*C,  resulted  in 
early  low  strain  fracture.  This  can  be  seen  by  observing  the  small  experi¬ 
mental  plate  attached. 

4.  If  bowing  the  side  walls  is  to  be  attempted,  in  addition  to  tho 
550*  to  650*C  temperature,  special  plate  holding  fixtures  and  heated  spread¬ 
ing  mandrel  will  probably  be  needed  in  order  to  symmetrically  accomplish  tfye 
task. 


5.  Assuming  now  that  a  suitable  bowed  memory  configuration  is  obtained 
then  it  would  require  certain  specific  steps  to  deploy  this  plate.,  These 
are> 

a.  Chill  the  plate,  suitable  pliers  and  the  constraining  fixture  in 
dry  ice. 

b.  Bend  bowed  strain  cavity  walls  straight— probably  with  pliers. 

c.  Insert  constraining  fixture  and  adjust  to  prevent  bowing  on 
heating. 

d.  Fasten  plate  to  fractured  bone  sections. 

e.  Back  off  on  set  screw  in  the  constraining  fixture  allowing  tha 
walls  to  bow  and  load  the  fracture  interface. 

Additional  questions  will  probably  arise  ii  the  use  of  thesu  plates.  How¬ 
ever,  the  above  writeup  should  serve  to  address  and  answer  many  of  tho 
obvious  questions. 


Sincerely  yours, 

■V.  ,  ' 

,  'V,  ‘  t  /*.!<*  'if  ,  ^ 

WILLIAM  J  {  BUEHLER 

Magnetism  &  Metallurgy  Divioion 
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APPENDIX  A  (cont 


Addod  Notes  on  tho  none  Plato  Design 

The  attached  drawing  is  the  design  consensus  of  John 
Tydings  and  myself.  Initially  we  arc  discounting  the  Nitinol 
section  joined  (probably  by  hammer  swaging)  to  a  titanium-base 
alloy  to  form  the  end  sections  of  tho  plate.  In  the  overall 
view,  the  harder  machining  of  Nitinol  may  be  more  than  out¬ 
weighed  by  mechanical  joining  problems,  sterilization,  etc. 

In  addition  to  the  mechanical  drawing,  I  have  also  made  a 
three-dimensional  sketch  showing  more  realistically  the 
proposed  plate. 

% 

Observing  the  drawing  (s)  (Figure  3.  and/or  2)  it  can  be 
seen  how  we  plan  to  chill  and  stretch  tho  "TiNi  Straining 
Cavity."  The  locking  wedge  will  have  a  taper  that  will  not 
allow  it  to  "back  out"  under  the  contracting  load  o^  the 
warming  bone  plate.  If  this  should  be  a  problem  then  we  have 
alternative  schemes  that  can  be  used  and  are  almost  equally 
as  simple.  Further,  if  the  v/edge  technique  works,  wedges  of 
varying  thickness  can  be  employed  to  provide  variable  initial 
strain,  e.g.,  2%,  4t,  6%  etc. 

The  design  of  the  bone  plate  is  based  upon  its  use  as 
shown  schematically  in  Figure  3  (A-D) .  Tho  section  called 
the  "TiNi  Straining  Cavity"  would  bo  chilled  and  strained 
belov;  the  TTR  of  tile  alloy  (Figure  3-B) .  Recovery  would  be 
constrained  during  installation  and  '/arming,  by  the  use  of  hh 
locking  wedge.  Thin  in  shown  noheiuat  i oal  ly  in  Figure  3-C. 

Then  the  wedge  could  be  carefully  ejected  allowing  contraction 
and  loading  of  the  fracture  (Figure  3-D) .  The  graph  given  in 
Figure  3  shows  tho  extent  of  recovery  when  one  first  constrains 
recovery  and  then  removes  the  constraint  and  allows  free 
recovery . 
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Table  I 


Summary  of  the  Arc-Melted  Alloys  Produced  and  Their  Ultimate  Use 


Alloy 

NO.* 

Arc-Melted 

Buttons-150gr. 

Arc-Melted 
Bars  (15ftgrl 
Bars  (450grj 

I 

2 

2  (150gr) 

II 

2 

2  (ISOgr) 

III 

2 

2  (150gr) 

IV 

2 

2  (ISOgr) 

V 

2 

2  (150gr) 

V 

12 

4  (450gr) 

Hot  Wrought 
Shape 

Component 

Produced 

Hot  swaged 

e  filings 

(dia)  13mm, 

e 

implant 

specimens 

4 . 5  mm 

e 

washers 

(4) 

hot  swaged 

e 

filinqs 

(dia)  13mm,* 

e 

imp) ant 

specimens 

4 .  Smm 

e 

washers 

(4) 

• 

hot  swaged 

e 

filings 

(dia)  13mm, 

e 

implant 

specimens 

4 . 5mm 

e 

washers 

(4) 

hot  swaged 

e 

filings 

(dia)  13mm, 

e 

implant 

specimens 

4 . 5mm 

e 

washers 

(4) 

hot  swaged 

• 

filings 

(dia)  13mm 

e 

implant 

specimens 

4 . 5mm 

e 

washers 

(4) 

hot  rolled 

e 

contracting  bone 

into  plate 
9.6mm  thick 

plates 

<R) 

*See  Table  I  for  information  on  the  compositions  and  heat 
recovery  ranges  of  the  five  alloys  listed. 


TITANIUM 
DAY  20 


FIGURE  2c 


COMPARISON  OF  TISSUE  CULTURE 
SLIDES  AT  20  DAYS 


ALLOY  IV 
DAY  20 


ALLOY  V 
DAY  20 


STAINLESS  STEEL 
DAY  20  . 


TITANIUM 
DAY  20 


FIGURE  M> 

IMPLANT  SPECIMEN  IN  PLACE  ABOVE  THE  SCAPULAR  AREA 


FIGURE  4c  *' 

IMPLANT  SPEC  I  KENT  EMBEDDED  IN  TISSUE 


FIGURE  5 


PREPARATION  OF  TISSUE  SECTIONS  FOLLOWING  REMOVAL  OF  IMPLANT  SPECIMEN 

NINE  WEEKS  POST-SURGERY 
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FIGURE  5a 

TISSUE  AND  IMPLANT  EMBEDDED  IN  METHYMETHACRYLATE 
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FIGURE  5b 

REMOVAL  OF  IMP! ANT  FROM  TISSUE  BLOCK 
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FIGURE  5c 
TISSUE  SECTIONING 


FIGURE  6 

NITINOL  PLATE  WITH  STRAIN  GAUGE  CELL 
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FIGURE  9 

NITINOL  PLATES  ON  SHEEP  FEMORA 


FIGURE  9a 

EARLY  RADIOGRAPH  FOLLOWING  PLATE  APPLICATION 


FIGURE  9b 

LATER  RADIOGRAPH  REVEALING  EARLY  BONE  FORMATION 
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FIGURE  10b 
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FIGURE  12 


INITIAL  MEASUREMENT  OF  FORCE  TAKEN  WITH  THE 

ON  SHEEP  FEMORA 
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FIGURE  17 


INTRAMEDULLARY  ROD  IN  CADAVER  FEMUR 


FluURE  17a 
DEPLOYED  POSITION 


FIGURE  18 


NITINOL  WASHERS  WITH  ALTERNATING  SCREWS  OF  STAINLESS  STEEL 

AND  TITANIUM 


